Introduction
Tumor necrosis factor (TNF)-α exerts a variety of biological effects, including the production of inflammatory cytokines, the upregulation of adhesion molecules, proliferation, differentiation and apoptosis by binding to its cognate receptors, TNF receptor (TNFR) 1 and TNFR2 [1, 2] . One of the protein families that bind to both TNFRs is the TNF receptor-associated factors (TRAFs) [3, 4] . Up to now, seven members of the TRAF family have been described [4, 5] . All the TRAFs contain a C-terminal TRAF domain that mediates the interaction with TNF receptors and hetero-or homodimerization among the TRAF family members [3] . In addition to the TRAF domain, the N-terminus of the TRAF proteins, with the exception of TRAF1, contains a RING domain and multiple Zinc finger structures, which are essential for their effector functions [3] . The TRAF family not only mediates TNF receptor family-mediated signaling but may also link the downstream signaling via other receptors like the interleukin-1 receptor [6] . TRAFs interact with the nuclear factor-kappa B (NF-κB)-inducing kinase, the MAP kinase (MAPK)/ERK kinase kinase 1, the transforming growth factor β-activated kinase, or the atypical protein kinase C, and these kinases phosphorylate IKKs resulting in the activation of the NF-κB [7, 8] .
TRAF proteins are thought to be important regulators of cell death and cellular responses to stress, and TRAF2, TRAF5 and TRAF6 have been demonstrated to mediate activation of NF-κB and JNK [3] . Among the TRAF members, TRAF2 is a prototypical member of the TRAF family and transduces signals from the TNFR superfamily members [9] . Double knockouts of TRAF2 and TRAF5 suggest some functional redundancy between these two molecules in the context of TNFα-induced NF-κB activation and HIV-1 gene expression [9] [10] [11] [12] . Whereas TRAF5-null mouse embryonic fibroblasts respond normally to TNFα-induced JNK and NF-κB activation, TRAF2 and TRAF5 double knockout mouse embryonic fibroblasts exhibit an almost complete loss of TNFα-induced NF-κB activation [9] . TRAF6 not only mediates the signaling from the members of the TNF receptor superfamily, but also from the members of the Toll/interleukin-1 family, and interacts with various protein kinases including IRAK1/IRAK, SRC and PKCzeta, which provides a link between distinct signaling pathways [13] . TRAF6 also functions as a signal transducer in the NF-κB pathway that activates IKK in response to proinflammatory cytokines [3] . TRAF3 is a highly versatile regulator that positively controls the production of type I interferon, but negatively regulates the activation of MAPK and alternative NF-κB signaling [4] . The molecular mechanisms of action of TRAF4 remain evasive as it was found to interact with diverse types of proteins, leading either to proapoptotic or antiapoptotic functions [14] . TRAF1 can associate with multiple TNFR family members and can also bind several protein kinases and adaptor proteins, suggesting that it likely possesses multiple functions in cytokine signaling networks [15] . TRAF7 is the last member of the TRAF family that has been identified and recent data indicate that TRAF7 regulates the activation of cellular stress pathways, as well as unconventional ubiquitination events and differentiation of muscle tissue [5] . TRAF2, TRAF3 and TRAF6 are E3 ubiquitine ligases that play a pivotal role in the control of NF-κB activation by innate and adaptive immunity stimuli [16] .
The Nef protein of human immunodeficiency virus (HIV)-1 is an important factor in AIDS pathogenesis. In addition to downregulating CD4 and the major histocompatibility complex class I molecules from the cell surface, as well as increasing virion infectivity, Nef triggers the activation of the T cell receptor cascade to facilitate the spread of the virus and modulates cellular signal transduction pathways [17] . Besides endogenous Nef protein expressed within infected cells, the exogenous Nef protein is detected in the serum of HIV-infected subjects [18] . The exogenous Nef protein has been shown to enter the cell by absorptive endocytosis after binding to the surface of CD4+ T cells, primary macrophages and U937 promonocytic cells [19] , and to activate the signal transducer and activator of transcription 1 and NF-κB in human monocytes/macrophages [20, 21] . HIV-1 replication is tightly regulated at the transcription level through the specific interaction of viral regulatory proteins and cellular transcription factors, such as NF-κB, binding to the HIV long terminal repeat (LTR) [12] .
Hepatitis C virus (HCV) infection is common in HIV-1-infected patients and each of these infections may affect the other [22] . Thus, several reports have found that HIV infection accelerates the development of severe liver diseases [23] . An association between HCV coinfection and progression of the HIV disease has also been reported [24, 25] . Among HCV structural proteins, the HCV Core protein interacts with several cellular components, thereby influencing lipid metabolism, signal transmission, and the regulation of gene expression and transcription from several viral and cellular promoters [26, 27] . HCV Core affects cell proliferation, apoptosis and host defense mechanisms by interfering with both innate and adaptive immunity [27] . Besides endogenous HCV Core expressed within infected hepatocytes, exogenous HCV Core is detected in the serum of HCV-infected subjects [28, 29] . HCV Core has been shown to enter the cell and to activate both MAPK and NF-κB signaling in several cell types [30, 31] .
Since HIV Nef, HCV Core and several of the TRAF proteins activate NF-κB, we investigated their respective role in HIV-1 replication in the macrophage, which is a cell type infected by HIV-1 and a potential target for exogenous HCV Core in HIV/HCV-coinfected patients. We observed that HIV-1 Nef binds to HCV Core and that the two proteins recruit TRAF2, TRAF5 and TRAF6, then activating NF-κB and enhancing the replication of HIV-1 in monocyte-derived macrophages (MDMs).
Materials and Methods

Reagents
The recombinant myristoylated Nef protein derived from the SF-2 HIV-1 strain (HIV-1 rNef) was purchased from Jena Bioscience (Jena, Germany) and the recombinant HCV Core protein (HCV rCore) was purchased from US Biological (Swampscott, Mass., USA). Anti-p50, anti-p65, anti-RelB, anti-c-Rel, anti-p52, and the single-stranded NF-κB oligonucleotide and mutated oligonucleotide were purchased from Santa Cruz Biotechnology (Santa Cruz, Cal if., USA). Anti-IκBα, anti-IKKα, anti-IKKβ, and anti-pIKKβ/pIKKα antibodies were purchased from Cell Signaling Technologies (Beverly, Mass., USA), and peroxidase-conjugated secondary anti-rabbit and anti-mouse immunoglobulin were obtained from Jackson ImmunoResearch (West Grove, Pa., USA). Abs against HIV-1 Nef and HCV Core proteins were provided by Chemicon (Temecula, Calif., USA) and US Biological, respectively. TNFα was purchased from R&D Systems (Minneapolis, Minn., USA). Abs against TRAF1, TRAF2, TRAF3 and TRAF6 were provided by Cell Signaling Technologies. Abs against TRAF4 and TRAF5 were purchased from Santa Cruz Biotechnology.
Cell Culture
The studies were performed with the promonocytic cells U937 obtained from the American Tissue Cell Culture Collection (Manassas, Va., USA). The promonocytic cell line U1, derived from cells surviving acute infection of the U937 cell line, contains two integrated HIV copies per cells. U1 cells were a gift from Dr. C. Van Lint (Université Libre de Bruxelles, Belgium). U937 and U1 cells were cultivated in RPMI-1640 (Sigma-Aldrich, St. Louis, Mo., USA) supplemented with 10% fetal bovine serum (Sigma-Aldrich), 1% L -glutamine and 1% penicillin/streptomycin. Primary MDMs (>94% CD14+ by flow cytometric analysis) were prepared from peripheral blood of healthy donors and were cultured in RPMI-1640 medium supplemented with 10% (v/v) pooled AB human serum (Sigma-Aldrich), as previously described [32] . Peripheral blood mononuclear cells (PBMCs), monocytes and peripheral blood lymphocytes (PBLs) were isolated from fresh whole blood (10 ml) of viremic HIV-1-infected patients (n = 13), HCV-infected patients (n = 6) and HIV-1-HCV-coinfected individuals (n = 6) followed up at the Besancon University Hospital, as reported previously [33, 34] . Ethical approval was granted by the human subjects ethics committee (Comité de Protection des Personnes EST-II).
GST Pull-Down Assay HIV-1 Nef wild type, N-terminus (1-60), or C-terminus (55-206) was cloned into pGEX 4T-1 expression vector (kindly provided by Dr. Fackler, University of Heidelberg, Germany) and GST Core constructs were kindly provided by Dr. N. Pavio, INSERM U785, Villejuif, France. For the GST pull-down assay, each construct was transformed into bacteria (BL21DE from Novagen, Bad Soden, Germany). A single colony was inoculated in 5 ml LB broth containing 50 μg/ml ampicillin at 37 ° C, 250 rpm in a shaker overnight. A 1-ml aliquot of the overnight bacterial culture was used to inoculate 300 ml LB broth containing 50 μg/ml ampicillin and grown for 2.5 h at 37 ° C in a shaker (until OD 600 = 0.5). IPTG was added at a final concentration of 0.1 m M and the culture grown for an additional 3 h at 37 ° C in the shaker. The bacteria were pelleted, washed with ice-cold TBS and lysed in bacterial protein extraction reagents (Pierce, Rockford, Ill., USA). The bacterial-expressed protein was immobilized on glutathione beads and washed five times with 1 × PBS. Twenty micrograms of purified GST fusion proteins were incubated with 1,500 μg protein lysates overnight at 4 ° C with gentle shaking. Following incubation the reaction mixture was centrifuged and washed five times in 1 × PBS. After a final wash, the bound protein was eluted by boiling in 2 × SDS-PAGE sample buffer and then subjected to SDS-PAGE and immunoblotted.
Western Blot Cellular extracts of cells treated with HIV-1 rNef and/or rHCV Core were used to examine the different protein expression by Western blot according to previously described procedures [21] . Cellular extracts were resolved by 10% SDS-PAGE using a Mini-PROTEAN 3 Cell (Bio-Rad, Hercules, Calif., USA). The proteins were electrotransferred onto a PVDF membrane (Amersham Biosciences, Little Chalfont, UK) using Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad). The membranes were probed with primary antibodies (Abs) followed by HRP-conjugated secondary immunoglobulin raised against the appropriate species; bands were detected using the ECL Plus kit (Amersham Biosciences).
Immunoprecipitation
MDMs were left untreated or were treated with HIV-1 rNef (100 ng/ml) and HCV rCore (100 ng/ml) for 30 min. Alternatively, MDMs were transfected with a Nef-expressing plasmid and/or aHCV-Core-expressing plasmid for 24 h. For in vitro coinfections, MDMs were infected with HIV-89.6 (10 ng p24/4 × 10 5 cells) overnight, cells were washed and infected with HCV (19.10 6 IU/ml) and in total 5 × 10 6 cell lysates were prepared after 48 h. Cell lysates were precleared by adding 50 μl of Protein G Plus/Protein A-agarose (Calbiochem-Novabiochem, Bad Soden, Germany) for 1 h at 4 ° C. The cleared supernatants were removed, combined with 10 μg/ml anti-HIV-1 Nef Ab (Chemicon) or isotype control Ab and incubated overnight at 4 ° C. Immune complexes were washed in the presence of protease inhibitors and the bound proteins were eluted with sample buffer and run on 10% SDS-PAGE gels. SDS-PAGE and Western blot analysis using an anti-HCV Core Ab were performed according to standard procedure [21] . Western blots were developed with the ECL detection kit (Amersham Biosciences, Piscataway, N.J., USA).
Isolation of Nuclear and Cytoplasmic Extracts
Isolation of nuclear and cytoplasmic extracts was performed as previously described [21] . Cells were scraped from the plastic surface of the culture dishes and washed with wash buffer (10 m M HEPES, pH 7.6, 10 m M KCl, 2 m M MgCl 2 , 1 m M EDTA). Cell pellets were then incubated on ice using a cytoplasmic isolation buffer (10 m M HEPES, pH 7.6, 10 m M KCl, 2 m M MgCl 2 , 1 m M EDTA, 0.02% NP-40). Cytoplasmic extracts were collected by centrifugation and the nuclear pellets were washed twice in wash buffer, spun and incubated for 15 min on ice with nuclear isolation buffer (20 m M HEPES, pH 7.6, 420 m M NaCl, 1.5 m M MgCl 2 , 0.2 m M EDTA, 25% glycerol). Supernatants containing nuclear extracts were collected by centrifugation and stored at -80 ° C. Protease inhibitors (1 m M DTT, 1 m M PMSF, 1 μg/ml aprotinin, 1 μg/ml leupeptin, 1 μg/ml pepstatin) were added to all solutions. Protein concentration in nuclear and cytoplasmic extracts was determined by the Bradford method using a BioPhotometer (Eppendorf, Hamburg, Germany).
Electrophoretic Mobility Shift Assay
To measure NF-κB activation, electrophoretic mobility shift assay (EMSA) was carried out as previously described [21] . Briefly, the cells were treated with HIV-1 rNef and/or HCV rCore during different periods of time. Alternatively, PBMCs, monocytes and PBLs were isolated from fresh whole blood (10 ml) of HIV-1-infected patients, HCV-infected patients, HIV-1-HCV-coinfected individuals and normal healthy donors. Nuclear extracts prepared 642 from cells were incubated with 20 fmol of biotin-end-labeled 45-mer double-stranded NF-κB oligonucleotide. . A double-stranded mutated oligonucleotide 5 ′ -TTGTTACAA CTCACTTTC CGCT-G CTCACTTTC CAGGGAG GCGTGG-3 ′ was used to examine the specificity of NF-κB binding to the DNA. The specificity of binding was also examined by competition with the unlabeled oligonucleotide and a heterologous unlabeled oligonucleotide. NF-κB oligonucleotide was labeled with biotin using the Biotin 3 ′ End DNA Labeling kit (Pierce) and complementary pairs were annealed by heating in boiling water for 5 min and then cooling slowly to room temperature. DNA protein complexes were resolved from free oligonucleotide on a 6% native polyacrylamide gel in 1 × Tris-borate-EDTA buffer using a Mini-PROTEAN 3 Cell (BioRad) and were transferred to a Biodyne precut nylon membrane (Pierce) using the Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad). Biotin-end-labeled DNA was detected using the LightShift Chemiluminescent EMSA kit (Pierce). Control Epstein-Barr Nuclear Antigen (EBNA) System (Pierce) containing biotin-EBNA control DNA and EBNA extract were assayed in parallel with the sample to ensure that the components of the kit and the overall procedure was working properly.
Reporter Gene Expression Assays
To examine the NF-κB LTR-driven gene expression following treatment with HIV-1 rNef and/or HCV rCore, U937 cells were transiently transfected with 20 μg of pLTR-Luc or 20 μg of pLTRmut-NF-κB-Luc using an electroporation system, according to the manufacturer's instructions (Bio-Rad) [21] . Twenty-four hours later, the cells were stimulated with HIV-1 rNef (100 ng/ml), HCV rCore (100 ng/ml) or HIV-1 rNef (100 ng/ml) + HCV rCore (100 ng/ml). At 48 h posttransfection, luciferase activity was measured in cell lysates using a luminometer (TD-20/20; Promega, Madison, Wisc., USA) as previously described [21] . Values normalized to protein concentrations were expressed in fold increase over unstimulated control values.
RNA Interference
MDM cultures (0.5 × 10 6 cells) were transfected with a scrambled control, TRAF1 siRNA, TRAF2 siRNA, TRAF3 siRNA, TRAF4 siRNA, TRAF5 siRNA and TRAF6 siRNA duplexes (Dharmacon RNAi Technologies) using lipofectamine RNAiMAX (Invitrogen, Carlsbad, Calif., USA). MDMs were treated with HIV-1 rNef and/ or HCV rCore 48 h posttransfection, and EMSA and HIV-1 replication follow-up were performed as reported previously. The efficiency of transfection was monitored using a fluorescein-conjugated scrambled control duplex and exceeded 50% in MDMs.
Flow Cytometry Analysis
Following treatment of MDMs (>94% CD14+ by flow cytometric analysis) with rNef (100 ng/ml) and rCore (100 ng/ml) for 30 min, cells were fixed with 4% PFA for 15 min and permeabilized or not with cytofix/cytoperm solution (BD Bioscience, San Jose, Calif., USA). Cells were incubated for 1 h at room temperature with a goat anti-Nef Ab (Santa Cruz Biotechnology) or a mouse anti-HCV Core Ab (Euromedex, Souffelweyersheim, France). Cells were washed three times with a BD wash buffer. Nef and Core detections were performed after incubating with secondary Abs, PE-labeled anti-goat IgG and FITC-labeled anti-mouse IgG, respectively (Santa Cruz Biotechnology). FITC-conjugated mouse IgG (BD Bioscience) and PE-conjugated goat IgG (Santa Cruz Biotechnology) were used as isotype controls. Labeled cells were analyzed by flow cytometry with a FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, N.J., USA). Data from 5 × 10 3 cells were collected, stored and analyzed with CellQuest software (Becton Dickinson).
Assessments of HIV-1 Replication
MDMs were infected overnight with HIV-1 89.6 (10 ng p24/4 × 10 5 cells). Cells were then washed three times with PBS to remove the unabsorbed inoculum and reincubated in fresh culture medium at 37 ° C. The infected MDMs were treated with HIV-1 rNef (100 ng/ml), HCV rCore (100 ng/ml) or HIV-1 rNef (100 ng/ml) + HCV rCore (100 ng/ml) added every 3 days. U1 cells were treated with native or boiled HIV-1 rNef (100-1,000 ng/ml) and/or HCV rCore (10-500 ng/ml). Where specified, a neutralizing antiNef mAb (10 μg/ml) and an anti-HCV Core mAb (10 μg/ml) were used. Culture supernatants were collected and assessed for p24 antigen using a microELISA assay (Organon Teknika, Boxtel, The Netherlands).
Statistical Analysis
The figures show the means of independent experiments and standard deviations. Statistical analyses were performed using the analysis of variance test and the Mann-Whitney U test. Differences were considered significant at a value of * p < 0.05, * * p < 0.01, * * * p < 0.001. The program used for plotting was Microsoft Excel and SPSS (SPSS Inc., Chicago, Ill., USA) for statistical analysis.
Results
HIV-1 Nef Interacts with HCV Core
Since both HIV-1 Nef and HCV Core proteins have been reported to activate NF-κB in several cell types [21, 31] , we assessed the potential HIV-1 Nef/HCV Core interaction. We expressed Nef as a GST fusion protein in Escherichia coli and tested its ability to interact with HCV rCore using U937 cells treated with HCV rCore as a source of lysates. HIV-1 Nef bound to HCV Core ( fig. 1 a) . HIV-1 Nef coimmunoprecipitated with HCV Core in promonocytic U937 cells treated with the two recombinant viral proteins whereas the isotype control immunoprecipitation showed no associated HCV Core ( fig. 1 b) . The interaction of HIV-1 Nef and HCV Core was also demonstrated by transient cotransfection of primary MDMs with pHIV-1 Nef and pHCV Core plasmids ( fig. 1 c) . Following in vitro coinfection of MDMs with HIV-1 89.6 and with HCV, we observed the interaction of HIV-1 Nef and HCV Core by coimmunoprecipitation ( fig. 1 d) . Our results indicate that the Nef-Core interaction does not only occur in the U937 cells treated with recombinant viral proteins, but can also be observed in MDMs infected with the two viruses, making it more relevant in regard to the HIV-HCV pathogenesis.
To determine the extremity of HIV-1 Nef that binds HCV Core, we tested GST-Nef plasmids truncated at their C-terminal or N-terminal extremity for their binding to HCV Core using a pull-down assay ( fig. 2 a) . HCV binding capacity was totally annihilated in GST pulldown assay using a GST-tagged HIV-1 Nef construct truncated at its N-terminus ( fig. 2 a) , indicating that HIV-1 Nef interacts with HCV Core via its N-terminal region.
To determine the extremity of HCV Core that binds HIV-1 Nef, we tested several GST-HCV Core plasmids for their binding to HIV-1 Nef using a pull-down assay ( fig. 2 b) . HIV-1 Nef binding capacity was totally annihilated in GST pull-down assay using GST-tagged HCV Core constructs truncated upstream of residue 59 ( fig.  2 b) , indicating that HCV Core interacts with HIV-1 Nef via its N-terminal region (residues 1-58).
HIV-1 Nef and HCV Core Recruit TRAF2, TRAF5 and TRAF6
Since TRAF proteins play a critical role in the signal transduction delivered through the CD40 receptor and TNFRs, we investigated the potential interaction of HIV-1 Nef and HCV Core with TRAF proteins. Therefore, we tested the ability of GST-Nef fusion proteins to interact with TRAF proteins present in MDM lysates. HIV-1 Nef bound to TRAF2, TRAF5 and TRAF6 proteins ( fig. 3 a) . HIV-1 Nef did not interact with other TRAF members (TRAF1, TRAF3, TRAF4; fig. 3 cating that the HIV-1 Nef/TRAF (2, 5, 6) interaction was specific. Endogenous TRAF2, TRAF5 and TRAF6 were coimmunoprecipitated with HIV-1 Nef in U937 cells treated with rNef ( fig. 3 b) . Other TRAF members (TRAF1, TRAF3, TRAF4) did not interact with HIV-1 Nef in U937 cells treated with rNef (data not shown), indicating that HIV-1 Nef/TRAF (2, 5, 6) interaction was specific.
To determine the extremity of HIV-1 Nef that binds TRAF proteins, we tested GST-Nef plasmids truncated at their C-terminal or N-terminal extremity for their binding to TRAF proteins using a pull-down assay ( fig. 3 c) . HIV-1 Nef binding capacity was totally annihilated in GST pull-down assay using a GST-tagged HIV-1 Nef construct truncated at its C-terminus ( fig. 3 c) , indicating that HIV-1 Nef interacts with TRAF2, TRAF5 and TRAF6 via its C-terminal region (residues 55-206).
We also tested the ability of GST-HCV Core fusion proteins to interact with TRAF proteins present in MDM lysates. HCV Core bound to TRAF2 and TRAF5 proteins ( fig. 4 a) . HCV Core did not interact with other TRAF members (TRAF1, TRAF3, TRAF4, TRAF6; fig. 4 a) , indicating that HCV Core/TRAF (2, 5) interaction was specific. Endogenous TRAF2 and TRAF5 were coimmunoprecipitated with HCV Core in U937 cells treated with HCV rCore ( fig. 4 b) . Other TRAF members (TRAF1, TRAF3, TRAF4, TRAF6) did not interact with HCV Core in U937 cells treated with HCV rCore (data not shown), which indicates that the HCV Core/TRAF (2, 5) interaction was specific. To determine the extremity of HCV Core that binds TRAF2 and TRAF5 proteins, we tested GST-HCV Core plasmids truncated at their C-terminal or N-terminal extremity for their binding to TRAF2 and TRAF5 proteins using a pull-down assay ( fig. 4 c) . HCV Core binding capacity was totally annihilated during the GST pull-down assay using a GST-tagged HCV Core construct truncated at its N-terminus (GST Core 127-172; fig. 4 c), indicating that HCV Core interacts with TRAF2 and TRAF5 via its N-terminal region (residues 1-126).
We also observed an upregulated expression of TRAF2 and TRAF6 in MDMs treated with HIV-1 rNef and HCV rCore (p < 0.01 and p < 0.001, respectively; fig. 5 ).
HIV-1 Nef and HCV Core Activate the NF-κB Canonical Pathway in Primary Macrophages through a TRAF (2, 5, 6) Pathway
We compared the level of NF-κB activation in autologous PBMCs, monocytes and PBLs isolated from the peripheral blood of HIV-infected patients (n = 13), HCVinfected patients (n = 6) and HIV-HCV-coinfected patients (n = 6) ( table 1 ). The highest levels of NF-κB activation were observed in peripheral blood cells of HIV-HCV-coinfected subjects, mostly in PBMCs, monocytes and to a lesser extent in PBLs ( fig. 6 a; table 1 ) . When compared to coinfected subjects, 2-fold lower levels of NF-κB activation were measured in peripheral blood cells of HIV-infected subjects and HCV-infected subjects, in particular in monocytes (p < 0.05; fig. 6 a; table 1 ). Since HIV-1 Nef and HCV Core are independent activators of NF-κB in several cell types [21, 31] , we investigated their respective role on NF-κB activation in MDMs. Treatment of MDMs with HIV-1 Nef and/or HCV Core resulted in NF-κB activation ( fig. 6 b) . The gel shift bands were specific; the formation of the complex was diminished by inclusion of an unlabeled NF-κB oligonucleotide but not by inclusion of a mutated NF-κB oligonucleotide (data not shown). To identify the subunits in the NF-κB complexes, nuclear extracts from MDMs treated with rNef, rCore or the two recombinant proteins together were incubated with Abs against different NF-κB subunits and DNA-binding activity was assayed by EMSA. Interference of NF-κB activation by anti-p65 and anti-p50 Ab suggested that p65 and p50 were the major components of the activated NF-κB complex in MDMs treated with rHIV-1 Nef and rHCV Core ( fig. 6 b) . In agreement with the activation of the canonical p65/p50 NF-κB complex in MDMs treated with rHIV-1 Nef and rHCV Core, we observed the degradation of IkBα following treatment with the two viral proteins alone or together, as typically occurs during the activation of the canonical NF-κB pathway ( fig. 6 c) . We observed an increased expression of IKKβ in MDMs treated with rHIV-1 Nef and rHCV Core alone and together ( fig. 6 d) . In addition both IKKα and IKKβ were highly phosphorylated in MDMs treated with rHIV-1 Nef and rHCV Core alone or together as compared with untreated MDMs ( fig. 6 d) . Phosphorylation of IKKγ was not observed in either treatment (data not shown). To further confirm the role of TRAF proteins in NF-κB activation, MDMs were transfected with TRAFs siRNA 48 h prior to treatment with rNef and rCore. The knockdown of the TRAF1 to TRAF6 proteins in MDMs was monitored by Western blot ( fig. 6 e) . The knockdown of TRAF2, TRAF5 and TRAF6 decreased NF-κB activation, whereas the knockdown of TRAF1, TRAF3 and TRAF4 did not modify NF-κB activation ( fig. 6 f) . Our results indicate that in MDMs treated with rNef and rCore, the canonical pathway of NF-κB is activated through an upstream signal mediated through TRAF2, TRAF5 and TRAF6.
HIV-1 Nef and HCV Core Enhance HIV-1 Replication in MDMs through a TRAF (2, 5, 6) Pathway
We assessed the effect of HIV-1 Nef, HCV Core or both proteins together on NF-κB-dependent LTR stimulation. U937 cells were transiently transfected with a target plasmid that contains the luciferase reporter gene under the control of the HIV-1 LTR promoter, pLTR-Luc. Twentyfour hours later, transfected cells were treated for 24 h with HIV-1 rNef, HCV rCore, or both proteins together, harvested, and luciferase activity was measured in cell lysates. The HIV-1 rNef treatment resulted in a 1.5-fold LTR stimulation over untreated control cells ( fig. 7 a) . HCV rCore treatment of transfected U937 cells increased HIV-1 LTR stimulation by 1.4-fold ( fig. 7 a) . The cotreatment of transfected U937 cells with HIV-1 rNef and HCV rCore resulted in the highest LTR stimulation with 2-fold luciferase activity over untreated control cells ( fig. 7 a) . LTR activation induced by HIV-1 rNef, HCV rCore, or both proteins together, was not observed when a plasmid containing mutated NF-κB sites, pLTR-mut-NF-κB-Luc, was used instead of pLTR-Luc ( fig. 7 a) . These data indicate that HIV-1 rNef and HCV rCore additionally activate the LTR via NF-κB stimulation in promonocytic cells U937. Nef and HCV Core is mediated through TRAF2, TRAF5 and TRAF6. a Highest NF-κB activation in monocytes and PBMCs isolated from HIV-HCV-coinfected subjects. Upper panel: data are representative of NF-κB activation determined by EMSA in PBMCs, monocytes and PBLs isolated from the peripheral blood of coinfected patients (n = 6), HIV-infected patients (n = 13), HCV-infected patients (n = 6) and normal healthy donors (n = 3). Lower panel: NF-κB activation measured by EMSA and quantified by densitometry using ImageJ 1.40 software in PBMCs, monocytes and PBLs isolated from the peripheral blood of HIV-HCV-coinfected patients (n = 6), HIV-infected patients (n = 13), and HCV-infected patients (n = 6). The level of NF-κB in cells of healthy donors was arbitrarily established at 1. b Enhanced NF-κB activation in MDMs treated with HIV-1 rNef, HCV rCore and HIV-1 rNef + HCV rCore. MDM cultures were treated with HIV-1 rNef (100 ng/ml), HCV rCore protein (100 ng/ml) or HIV-1 rNef (100 ng/ml) + HCV rCore protein (100 ng/ml) and nuclear extracts were prepared at 30 min posttreatment. NF-κB activation was determined by EMSA. Interference of NF-κB activation in response to HIV-1 rNef and HCV rCore by Abs against NF-κB subunits: nuclear extracts from treated MDMs were incubated for 20 min with anti-p50, anti-p65, anti-p52, anti-c-Rel and anti-RelB Abs, and then assayed for NF-κB binding activity by EMSA. Results are representative of two independent experiments. c IkBα degradation in MDMs treated with HIV-1 rNef and HCV rCore. Cytoplasmic extracts were prepared from MDMs treated with HIV-1 rNef (100 ng/ml), HCV rCore (100 ng/ml) or HIV-1 rNef (100 ng/ml) + HCV rCore protein (100 ng/ml) for 30 min and then assayed for the expression of IkBα by Western blot.
β-actin was used as a loading control. Protein levels were quantified by densitometry using ImageJ 1.40 software (the level of protein in mock cells was arbitrarily established at 1). Results represent means ± SD of three independent experiments. * * p < 0.01. d IKKα and IKKβ expression and phosphorylation in MDMs treated with HIV-1 rNef and HCV rCore. Cytoplasmic extracts were prepared from MDMs treated with HIV-1 rNef (100 ng/ml), HCV rCore (100 ng/ml) or HIV-1 rNef (100 ng/ml) + HCV rCore protein (100 ng/ml) for 30 min and then assayed for the corresponding protein by Western blot. β-actin was used as a loading control. Protein levels were quantified by densitometry using ImageJ 1.40 software (the level of protein in mock cells was arbitrarily established at 1).
Results represent means ± SD of three independent experiments. * * * p < 0.001. e Knockdown of TRAF1-TRAF6 proteins by siRNA in MDMs. MDM cultures were transfected with TRAF1-TRAF6 siRNAs or scrambled control. Total cellular extracts were prepared 48 h posttransfection. Protein expression was analyzed by Western blot. β-actin was used as a loading control. f NF-κB activation in MDMs treated with HIV-1 rNef and HCV rCore depends on TRAF2, TRAF5 and TRAF6. 48 h before treatment with HIV-1 rNef (100 ng/ml) and HCV rCore (100 ng/ml), MDMs were transfected with a mixture of TRAF2/TRAF5/TRAF6 siRNAs, a mixture of TRAF1/TRAF3/TRAF4 siRNAs, or a scrambled control. NF-κB activation was determined by EMSA. Nuclear extracts of MDMs treated with TNFα (10 ng/ml) were used as a positive control. The histogram represents the quantification of NF-κB activity by densitometry using ImageJ 1.40 software (the level of NF-κB activity in mock cells was arbitrarily established at 1). Results represent means ± SD of three independent experiments. * p < 0.05.
PBMCs Monocytes PBLs
Coinfected patients (n = 6) were treated with HIV-1 rNef (at the concentration specified) or HCV rCore (at the concentration specified) in the presence and absence of neutralizing anti-Nef and anti-HCV Core mAbs. Lower panel: U1 cells were treated with HIV-1 rNef (500 ng/ml), HCV rCore (500 ng/ml) or HIV-1 rNef (500 ng/ml) + HCV rCore (500 ng/ml) boiled at 100 ° C for 10 min or not. p24 was measured in culture supernatants 72 h after treatment. Representative results of three independent experiments are shown. c HIV-1 replication in MDMs is enhanced by treatment with HIV-1 rNef and HCV rCore. MDMs were infected overnight with HIV-89.6 (10 ng p24/4 × 10 5 cells). After extensive washes with PBS to remove the unadsorbed inoculum, MDMs were treated with HIV-1 rNef (100 ng/ml), HCV rCore (100 ng/ml) or HIV-1 rNef (100 ng/ml) + HCV rCore (100 ng/ml) every 3 days and p24 was measured in culture supernatants up to 15 days postinfection. Results represent mean values ± SD of two independent experiments. d Enhanced HIV-1 replication in MDMs treated with HIV-1 rNef and HCV rCore involves TRAF2, TRAF5 and TRAF6. 48 h before infection with HIV-1 89.6 in the absence and presence of treatment with HIV-1 rNef and HCV rCore, MDMs were transfected with a mixture of TRAF2/TRAF5/TRAF6 siRNAs, a mixture of TRAF1/TRAF3/TRAF4 siRNAs, or a scrambled control. Transfected MDMs were infected overnight with HIV-89.6 (10 ng p24/4 × 10 5 cells). After extensive washes with PBS to remove the unadsorbed inoculum, MDMs were treated with HIV-1 rNef (100 ng/ml) + HCV rCore (100 ng/ml) every 3 days and p24 was measured in culture supernatants at day 7 postinfection. Results represent means ± SD of two independent experiments. * p < 0.05. ) were transiently transfected with 20 μg of pLTR-Luc, or 20 μg of pLTRmut-NF-κB-Luc. 24 h later, transfected cells were treated with HIV-1 rNef (100 ng/ ml), HCV rCore (100 ng/ml) or HIV-1 rNef (100 ng/ml) + HCV rCore (100 ng/ml). 48 h after transfection, luciferase activity was measured in cell lysates as described in 'Materials and Methods'. Values normalized to protein concentrations were expressed as fold increase over unstimulated control values. Results represent mean values ± SD of three independent experiments. * p < 0.05. b Enhanced HIV-1 replication in chronically infected U1 promonocytic
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Since NF-κB DNA-binding sites are present in the HIV-1 LTR, we determined the effects of HIV-1 Nef and HCV Core, alone and together, on provirus transcription in the promonocytic cell line U1, U937 cells that contain two integrated HIV copies per cell. We measured HIV-1 replication in U1 cells following treatment with HIV-1 rNef and HCV rCore, alone or together. Both HIV-1 rNef and HCV rCore proteins stimulated viral replication in U1 cells in a dose-dependent manner as measured by p24 assay ( fig. 7 b) . The highest viral replication was detected in culture supernatants of U1 cells cotreated with HIV-1 rNef and HCV rCore ( fig. 7 b) , indicating an additional effect of the two proteins on HIV-1 transcription. To rule out the possibility that a TNFα inducer, such as lipopolysaccharide, enhanced viral replication in U1 cells, we boiled HIV-1 rNef and HCV rCore at 100 ° C. Boiling abolished viral replication in U1 cells stimulated with the two proteins either alone or together ( fig. 7 b) , indicating that both HIV-1 Nef and HCV Core, but not lipopolysaccharide contamination, were responsible for enhanced replication.
Since HIV-1 Nef and HCV Core additionally stimulated viral growth in chronically infected U1 cells, we assessed their effect on viral growth following acute infection of primary human MDMs with HIV-1. First, we measured the presence of intracellular Nef and Core proteins by flow cytometric analysis following in vitro treatment of primary human MDMs with rNef and rCore. We observed that following treatment of MDMs with recombinant Nef and Core proteins, only very low amounts of viral proteins were detected on the cell surface, whereas most of the viral proteins were detected intracellularly (online suppl. fig. 1 ; for all online supplementary material, see www.karger.com/doi/10.1159/000350517). Then we measured viral growth in primary MDMs infected with HIV-89.6 (10 ng p24/4 × 10 5 cells) and treated with HIV-1 Nef and HCV Core. HIV-1 rNef and HCV rCore enhanced HIV-1 replication in MDMs by 1.5-fold at day 8 after infection versus untreated infected cells ( fig. 7 c) . When acutely infected MDMs were treated with the two proteins together, the viral growth was enhanced by approximately 2-fold at day 8 after infection versus untreated infected cells ( fig. 7 c) , indicating an additional action of HIV-1 Nef and HCV Core on HIV-1 replication in MDMs. The knockdown of TRAF2, TRAF5 and TRAF6 repressed HIV-1 replication in acutely infected MDMs treated with HCV rCore and HIV-1 rNef, whereas the knockdown of TRAF1, TRAF3 and TRAF4 had no effect ( fig. 7 d) . Our results indicate that in MDMs acutely infected with HIV-1 and treated with HCV rCore and HIV-1 rNef, the HIV-1 replication depends on an upstream signal mediated through TRAF2, TRAF5 and TRAF6.
Discussion
We observed that TRAF2, TRAF5 and TRAF6 interact with HIV-1 Nef and that HCV Core interacts with TRAF2 and TRAF5. We also found that HIV-1 Nef interacts with HCV Core. The TRAF (2, 5, 6) recruitment mediated by HIV-1 Nef and HCV Core enhanced the activation of NF-κB and increased HIV-1 replication in MDMs. Our results reveal a mechanism by which the activation of the TRAF pathway by HIV-1 Nef and HCV Core favors the replication of HIV-1 in MDMs ( fig. 8 ) and could be a critical factor for optimal replication of HIV-1 in MDMs of HIV-HCV-coinfected patients.
We previously reported that HIV-1 rNef activates NF-κB and induces IκBα phosphorylation and degradation in promonocytic cells U937. In agreement with our results, since phosphorylation of IκBα at serine is induced, myristoylated rNef probably activates IKK-β, the only kinase known to phosphorylate IκBα directly. We previously observed that the rNef-triggered activation of NF-κB was mediated via the canonical NF-κB complex p50/p65 in monocytic cells [21] . Our data now indicate that both HIV-1 rNef and HCV rCore activate NF-κB in MDMs, and that the canonical NF-κB pathway is involved in this phenomenon. The amount of HIV-1 Nef and HCV Core proteins detected in the serum of infected subjects is around 1-10 ng/ml and 0.1-10 ng/ml, respectively [29, 35] . Nevertheless, we cannot rule out that higher amounts of exogenous Nef and HCV Core proteins could be present in tissue compartments such as lymph nodes where macrophages and infected lymphocytes tightly interact [36, 37] . Additionally, the amounts of Nef detected in the serum of patients may be even higher than 10 ng/ml when taking into account the presence of Nef/anti-Nef immune complexes [35, 38, 39] . Circulating immune complexes are detected in HCV chronic infection and the HCV Core protein is a constitutive component of these immune complexes. Additionally, the HCV Core protein can selfassemble to multimeric complexes [40, 41] .
We observed the highest levels of NF-κB activation in PBMCs and monocytes isolated from the peripheral blood of coinfected subjects. High donor-linked variability between monocytes/macrophages from different donors, in particular for their in vitro HIV-1 susceptibility, has been reported previously [42, 43] . Although we observed variability between peripheral blood cells (PBMCs, monocytes, PBLs) from different donors for NF-κB activation, NF-κB activation was 2-fold higher in cells isolated from coinfected patients than in cells isolated from monoinfected patients. Additionally, our results indicate that, although both HIV-1 Nef and HCV Core activate NF-κB independently, the two viral proteins act additionally on the NF-κB activation in MDMs. The optimal activation of NF-κB observed following the treatment of promonocytic cells and MDMs with HIV-1 rNef and HCV rCore could be initiated at the cell's surface, or most probably just below the plasma membrane. In agreement with this hypothesis, we observed previously that HIV-1 rNef activates NF-κB in MDMs via its myristoylation domain and via lipid rafts [32] . Additionally, HCV Core, TRAF2, TRAF5 and TRAF6 can be recruited to lipid rafts and have been reported to activate NF-κB [31, 44] . Recently, HIV-1 Nef has been reported to induce a proinflammatory state in macrophages through its acidic cluster domain and the involvement of TRAF2 [45] . Our results expand these previous observations by indicating that both HIV-1 Nef and HCV Core bind to several members of the TRAF family, namely TRAF2, TRAF5 and TRAF6. In addition to the acidic cluster domain of HIV-1 Nef involved in binding to TRAF2 (AxEE) already reported by others [45] , we observed a minor TRAF-binding consensus sequence (PxxQxxT) which could bind TRAF5 and a TRAF6-binding consensus sequence (PxExxD/E/F/W/Y) in the C-terminal region of HIV-1 Nef (aa 55-206; online suppl. fig. 2 ). We also detected putative TRAF-binding motifs in the N-terminal region of HCV Core (aa 1-126; online suppl. fig. 3 ).
We observed a direct binding between HIV-1 Nef and HCV Core, indicating a potential crosstalk between the two viruses resulting in an optimal NF-κB activation, especially in macrophages. The plasma membrane via lipid rafts and/or detergent-resistant membranes could be a critical platform where HIV-1 Nef and HCV Core proteins colocalize within the cell leading to an optimal replication of HIV-1 in macrophages [46, 47] . HIV Nef anchors to the membrane through its myristoylation signal [48] and HCV Core contains a C-terminal anchor sequence [49] . Although HIV-1 Nef has been reported to bind to the CXCR4 receptor on the cell surface [50] , in MDMs treated in vitro with rNef and rCore, we detected the two viral proteins within the cells rather than bound on the cell's surface using flow cytometric analysis (online suppl. fig. 1 ). Therefore, we believe that increased NF-κB activation and enhanced HIV replication in MDMs results primarily from intracellular Nef-Core interaction rather than from viral proteins binding to the cell's surface.
HIV-1 Nef has been reported to expand the cellular reservoir of HIV-1 by permitting the infection of resting CD4+ T lymphocytes and by enhancing HIV-1 replication within CD4+ memory T cells [51] . Our results suggest that soluble HCV Core released from HCV-infected cells could favor HIV-1 replication in macrophages of HIV-HCV-coinfected subjects, thereby favoring the formation of macrophage reservoirs of HIV-1 [52] .
In conclusion, our results indicate that HIV-1 Nef and HCV Core enhance NF-κB activation in HIV-1-infected macrophages through the involvement of TRAF2, TRAF5 and TRAF6. Our results underline the critical role of HIV-1 Nef, HCV Core and several members of the TRAF family in the development of AIDS pathogenesis in HIV/ HCV-coinfected patients, but also indicate that new therapeutic approaches to curtail the formation of viral reservoirs in mononuclear phagocytes of HIV/HCV-coinfected subjects have to be developed.
